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GENERAL INTRODUCTION 
Termites (order Isoptera) are responsible for over $1 billion in damage and repair costs to 
wooden structural components in the United States annually (Mampe 1990, Gold et al. 1993). 
The subterranean varieties (e.g. Reticulitermes spp., Coptotermes spp., Heterotermes spp.) 
are reportedly responsible for tremendous damage worldwide. To protect wooden structural 
materials, termiticides are applied to the surface and/or injected into soil to form a chemical 
barrier. This chemical barrier can be applied either pre- or post-construction. If the 
termiticide is applied pre-construction, the chemical is poured onto the soil underneath 
concrete slabs and around foundation walls and piers. For post-construction, the termiticide 
is applied through holes drilled in floors and wails (rodding), and/or to the surface soil 
surrounding the foundation (trenching) (Edwards and Mill 1986). 
The chemical stability of the termiticides is extremely important in providing long-term 
preventative protection against subterranean termites. In the past, chlorinated hydrocarbon 
insecticides such as chlordane, aldrin, dieldrin, and heptachlor were relied upon for termite 
control. The persistence of these compounds provided 100% control for 20-30 years (Gold et 
al. 1993, Mauldin et al. 1987). However, due to their potential risk to humans and 
environmental concerns, the chlorinated hydrocarbon compounds have been replaced with less 
hazardous compounds. One of the most widely used replacement termiticide is the 
organophosphorus compound chlorpyrifos (Mix 1991). In field efficacy trials, conducted by 
the U.S. Forest Service, chlorpyrifos provided 80 and 100% control of termites at several test 
sites for 8-17 zmd 6-12 years, respectfully (Kard and McDaniel 1993). 
Chlorpyrifos is a broad-spectrum insecticide widely used in insect pest management 
programs in agriculture (e.g. com, cotton), urban (e.g., turfgrass, indoor), and horticultural 
(e.g., peaches, apples) systems (Figure 1). It has a low water solubility (1.4 mg/liter), high 
soil sorption coefficient (avg = 8498 ml/g), and intermediate vapor pressure (2.7 x 10"' Pa 
2 
C2HjO 
Figure 1. Chemical structure of the organophosphorus insecticide 0,0-diethyI O-
(3,5,6-trichloro-2-pyridinol) phosphorothioate [chlorpyrifos] 
CI 
HO 
Figure 2. Chemical structure of the metabolite 3,5,6-trichloro-2-pyridinol (TCP) 
3 
at 25°C) (Racke 1993). Soil half-lives for agricultural and termiticide applications vary widely 
under standardized conditions (e.g. 2S°C, field moisture capacity, darkness) ranging from <10 
to >120 d for agricultural uses and from <1 to >24 mo for termiticide applications (Racke et 
al. 1990, Racke et al. 1994). Chlorpyrifos is degraded in the soil by abiotic and 
microbiological agents. Factors shown to affect the degradation of chlorpyrifos in soil include 
pH, moisture, temperature, formulation and placement (Getzin 1981, Cink and Coats 1993, 
Racke 1993). In soil, the primary metabolite of chlorpyrifos is 3,5,6-trichloro-2-pyridinol 
(TCP) (Figure 2) which may be fiirther degraded to soil-bound residues, carbon dioxide, and 
sometimes a secondary metabolite 3,5,6-trichloro-2-methoxypyridine (TMP) (Racke 1993). 
The concentration of chlorpyrifos in soil following a trench application varied from 530 to 
1,500 ^g/g, following established labelled application procedures (Cink and Coats, 
unpublished). This is 100-1,000 times greater than soil concentrations detected immediately 
following agricultural or turfgrass applications. The degradation kinetics of soil-applied 
pesticides can be highly concentration-dependent. Dzantor and Felsot (1991) found that 
herbicides applied to soil at high concentrations degraded much more slowly compared to 
normal field application rates. In one study of a trench application of chlorpyrifos around a 
building, the average soil concentration remaining after 36 mo was 245 ng/g. This resulted in 
a dissipation half-life of >1,095 days, several times longer than half-lives typically found in 
soils treated at agricultural rates (Racke et al. 1993). Temperature can also influence the 
degradation of chlorpyrifos. Modest increases in soil temperature can significantly increase 
abiotic and microbiotic activity. At lower application rates (e.g. 10 ng/g) the degradation rate 
of chlorpyrifos doubles with each lO'C-increase in temperature (Getzin 1981). In four moist 
soils, incubated at 25° and 35°C, the half-lives were 1.9- to 5.3-fold lower at the higher 
temperature (McCall et al. 1984). In a loam soil (pH 7.8, 3% organic mastter) initially treated 
with either 500 or 1,000 jig/g chlorpyrifos, temperature did not appear to significantly affect 
degradation (Cink and Coats 1993). 
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The influence of soil moisture on the degradation of chlorpyrifos is not clearly understood. 
In a Sultan silt loam, soil moisture contents of 3, 10, and 20% had neither a consistent nor 
statistically significant effect on the degradation of chlorpyrifos (Getzin 1981). Soil moisture 
did significantly affect the mineralization of chlorpyrifos in a loam soil (pH 7.8, 3% organic 
matter) treated with 10 ng/g chlorpyrifos and maintained at either 0.03, 0.30, or 3.00 bar. At 
application rates of 500 and 1,000 fxg/g there were no significant differences between 
concentration or soil moisture tension (Cink and Coats 1993). 
Much of the degradation data on chlorpyrifos has involved application rates that are 10- to 
100-times lower than that used in termiticide applications. Few studies have been conducted 
to investigate how tlus higher application concentration may affect degradation kinetics. 
Degradation experiments have included a limited number of soil types and tightly regulated 
environmental conditions. It is important to understand how chlorpyrifos will degrade in the 
environment so that we can reasonably predict how long it will persist in the soil at 
concentrations which can prevent termite infestation, yet not result in adverse effects to 
human health or the environment. 
Dissertation Obiectives 
The overall objective of the proposed research was to investigate how different 
environmental conditions affect the degradation of chlorpyrifos in soil. Specific objectives 
were; 
1. To determine how concentration, temperature, and soil moisture affect the degradation of 
chlorpyrifos in a surficial urban Iowa soil. 
2. To determine how chlorpyrifos, applied to soil in trench applications, degrades under 
normal environmental conditions in selected urban soils. 
3. To determine if a correlation exists between laboratory and field degradation experiments 
and how it could apply towards constructing a predictive degradation model. 
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Dissertation Organization 
This dissertation is composed of three journal papers. A general introduction precedes the 
first journal paper, which has been published as a book chapter xa Pesticides in Urban 
Environments: Fate and Significance, K. D. Racke and A. R. Leslie (eds), American 
Chemical Society Symposium Series No. 522 (1993). This paper addresses the eflfect of 
concentration, temperature, and soil moisture on the degradation of chlorpyrifos in an urban 
Iowa soil in a controlled laboratory investigation. The second and third papers are being 
prepared for submittal to appropriate scientific journals. The second paper addresses the 
environmental dissipation of chlorpyrifos which was trench applied to field locations in 
Arizona, Florida, Hawaii, Iowa, Mississippi, and Texas. This paper will be submitted to the 
Journal of Economic Entomology. The third paper addresses how concentration, soil 
moisture, and temperature can influence the degradation of chlorpyrifos in an Iowa soil after 
prolonged laboratory incubation. This paper is being prepared for submittal to Pesticide 
Science. References are included at the end of each paper. A GENERAL CONCLUSION 
chapter follows the last paper. An additional reference section at the end of the thesis includes 
citations used in the GENERAL INTRODUCTION and GENERAL CONCLUSION 
chapters. 
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EFFECT OF CONCENTRATION, TEMPERATURE, AND SOIL MOISTURE ON 
THE DEGRADATION OF CHLORPYRIFOS IN AN URBAN IOWA SOIL 
A paper published in Pesticides in Urban Environments: Fate and Significance, American 
Chemical Society symposium series 522' 
James H. Cink^ and Joel R. Coats^^ 
ABSTRACT 
The effect of concentration, temperature, and soil moisture on chlorpyrifos degradation were 
investigated in an urban Iowa soil. Soil samples were brought into the laboratory for 
treatment. Formulated Dursban® TC at 10, 500, or 1,000 fig/g was applied with water to 
establish soil moisture tensions of 0.03, 0.30, or 3.00 bar. Treatments were then placed in 
incubation chambers maintained at 20° and 27° C. Temperature did not affect the degradation 
of chlorpyrifos or mineralization of its primary metabolite, 3,5,6-trichloro-2-pyridinol (TCP). 
Soil moisture greatly affected mineralization. The highest percentage of mineralization 
occurred in soil maintained near field capacity (0.30 bar) while the lowest percentage 
occurred in soil maintained under the driest condition (3.0 bar). Concentration had the 
greatest effect on the degradation of chlorpyrifos to TCP. At higher concentrations of 
' Reprinted with the permission of the American Chemical Society 
^ Graduate student and major professor, respectively. Pesticide Toxicology Laboratory, 
Department of Entomology, Iowa State University. Research conducted and manuscript 
written by Cink. 
^ Author for correspondence 
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chlorpyrifos applied, the amount of chlorpyrifos remaining was greater. The highest 
concentration of chlorpyrifos applied (1,000 ^g/g) had the highest amount of chlorpyrifos 
remaining and the lowest relative percentage of TCP formed. 
INTRODUCTION 
Since the removal of chlordane and other chlorinated cyclodiene termiticides from the market, 
the organophosphorus insecticide chlorpyrifos (Dursban TC) has become the most widely 
used termiticide. Estimates, based on annual chlordane use, place the annual application of 
c h l o r p y r i f o s  f o r  t e r m i t e  c o n t r o l  a t  a p p r o x i m a t e l y  1 . 7  m i l l i o n  p o u n d s  o f  a c t i v e  i n g r e d i e n t  ( J ) .  
Chlorpyrifos is widely used in rural and urban settings for preventative soil barriers around 
and under buildings and in direct applications to posts, poles and other wood products for 
protection from damage caused by termites. The primary damaging termite species in the 
United States include the eastern subterranean termite and the Formosan subterranean termite. 
Chlorpyrifos (as Lorsban) has been used for many years in agriculture for the control 
of various field crop insect pests. In Iowa alone, over one million acres of com soils are 
treated with chlorpyrifos annually (2). Although several studies have focused on the 
persistence and degradation of chlorpyrifos in soils (3-9), these studies have examined rates 
comparable to those used for the control of pests in field crops and have not addressed the 
higher rates used in termite control. Degradation kinetics of soil-applied pesticides can be 
highly concentration- dependent in some cases. Herbicides applied to soil at high 
concentrations (e.g., 10,000 ng/g) were degraded extremely slowly compared to a normal 
field application rate (JO). Chlorpjoifos degradation involves both chemical and microbial 
processes (JJ). Studies have shown that, although chlorpyrifos is not mobile in soil (J2), its 
primary degradation product, 3,5,6-trichloro-2-pyridinol (TCP), is potentially more mobile in 
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a wide range of soil types (75). TCP has also been shown to be more toxic to one 
microorganism than chlorpyrifos {14). The degradation rates for TCP are variable depending 
on the specific soils {15,16). The purpose of this study was to determine how moisture, 
temperature, and application rate can influence the degradation of chlorpyrifos m soil. 
Although these factors have been investigated for application rates suitable for agriculture, 
they have not been examined at the rates used for termite control, which are two orders of 
magnitude higher. It is important that we understand how this chemical will react in the 
environment so that adequate termite control can be obtained without adverse effects to 
human health or the environment. 
METHODS AND MATERIALS 
Chemicals. Radiolabeled [2,6-r/>ig-'''C]chlorpyrifos (25.5 nCi/mmol) {16) and non-labeled 
Dursban TC were obtained from DowElanco for use in this study. The ["C]chlorpyrifos was 
dissolved in acetone to yield a treating solution. The radiopurity of this material was tested by 
thin-layer chromatography (TLC) immediately prior to study initiation and found to be >99%. 
Addition of Dursban TC-formulated material to the treating solution was based on normal 
labeled concentrations of the active ingredient. Treating solutions were prepared by 
combining ['"CJchlorpyrifos, non-labeled Dursban TC, and water in sufficient amounts to yield 
0.5 |iCi per 50 g dry soil; chlorpyrifos concentrations were 10, 500, or 1,000 |ig/g. Soil 
moisture tensions were established within treatment jars at 0.03, 0.30, or 3.00 bar. All other 
chemicals and solvents used were reagent grade. 
Soil. The soil used for this study was surficial (0-15 cm), taken from the north and south 
sides of an established urban building. Soil samples were combined, mixed thoroughly, then 
sieved with a 4 mm x 4 mm followed by a 2 mm x 2 mm screen to remove debris, large 
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particles, and reduce aggregate size. The prepared soil was then stored at 4°C prior to use to 
minimize effects on microbial activity. Properties of the soil are listed in Table I. All soil data 
are expressed on a dry weight basis. 
Soil Treatment and Incubation. For determination of chlorpyrifos degradation rates, 50 g 
(dry weight) portions of soil were put into individual 8-oz French square glass bottles. A 
treating solution was then uniformly applied so that samples received 0.5 jiCi at 10, 500, or 
1,000 |xg/g chlorpyrifos and appropriate water to establish soil moisture tensions at either 
0.03, 0.30, or 3.00 bar. Once the soil was treated, a 20-ml glass scintillation vial containing 
10 ml of 0.1N NaOH was placed inside to serve as a COj trap. Treatments were divided 
between two incubators maintained at 20° and 27°C. During the experimental period, filtered 
HPLC-grade water was added to each sample as needed, to m^ntain the desired soil moisture 
tension. Each treatment was replicated six times. 
Extraction and Analysis. NaOH traps were removed at regular intervals during the 12-wk 
incubation period and sampled for evolved '"CO^. At time 0 and 12 wk after incubation, 
samples were removed and extracted three times by shaking with 100 ml of acetone/ 
phosphoric acid (99:1). Extracts fi'om the 0-wk samples were used to quantify (confirm) the 
amount of ["Cjchlorpyrifos initially applied. Unextractable, soil-bound '''C residues in the 12-
wk incubation samples were recovered by combustion of aliquots of soil to '"CO^ in a Packard 
Bell model 300 oxidizer. Radiocarbon in NaOH traps, soil extracts, and soil combustions 
were analyzed by liquid scintillation counting (LSC). 
Qualitative identification of'"C residues in the 12-wk soil extracts was determined by 
thin-layer chromatography. Soil extracts were concentrated and spotted with nonradioactive 
standards of chlorpyrifos and TCP on 250-^m thick silica gel plates and developed with 
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Table I. Characteristics of the Iowa soil used for laboratory degradation studies' 
Texture 
Soil type pH OMC%'' Sand% Silt% Clay% p= K' CEC 
Loam 7.8 3 52 34 14 56 2.2 16.5 
• Soil analysis form A & L laboratory, Omaha, Nebraska 
'' OMC - organic matter content 
" P and K reported in jig/g 
^ CEC - cation exchange capacity (meq/lOOg) 
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hexane/acetone/acetic acid (20:4:1) {11). Developed plates were air-dried and then placed 
under 254 nm UV light to determine positions of nonradioactive standards. The 
chromatogram was then cut into sections, which were placed in 7-ml scintillation vials with 5 
ml cocktail and counted to determine quantities of chlorpyrifos and TCP. 
Statistical Analysis. Data on the evolution of'''CO^were plotted using all six replications, 
with error bars expressing ± one standard mean error. Data for soil extracts and soil 
combustions are based on two replications randomly selected from the original six. Analysis 
of variance and LSD^^j for par-vnse contrasts were used to evaluate treatment effects. 
RESULTS 
Efiect of Concentration, Temperature, and Moisture on the Mineralization of 
Chlorpyrifos. The rate of mineralization, measured by '"COj evolution, was not significantly 
affected by temperature. Therefore, data for individual treatments were combined across 
temperatures before statistical analysis. The result of this combination revealed that 
concentration, moisture, and the interaction between these two factors all were significant. 
All data are presented as percentage of '"C applied. 
The interaction between chlorpyrifos concentration and soil moisture tension revealed 
t h a t  s a m p l e s  t r e a t e d  w i t h  1 0  ^ g / g  c h l o r p y r i f o s  e v o l v e d  t h e  g r e a t e s t  p e r c e n t a g e  o f a t  
each moisture tension (Table II). Samples maintained at 0.30 bar evolved a significantly 
higher percentage of'"COj than samples maintained at either 0.03 or 3.0 bar tension. Samples 
maintained at 3.0 bar evolved significantly less than samples maintained at either 0.03 or 
0.3 bar moisture tension (Table 11). 
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Table n. Effect of chlorpyrifos concentration and soil moisture tension on the degradation 
of Dursban TC in an urban Iowa loam soil (averaged for two temperatures) 
Chlorpyrifos concentration in soil (ng/g) 
10 500 1,000 
Soil moisture (bar tension) 
0.03 0.30 3.00 0.03 0.30 3.00 0.03 0.30 3.00 
% '"C recovered after 12 wk 
Chlorpyrifos 4.6 3.8 6.7 17.0 37.0 25.0 59.0 58.0 53.0 
TCP 66.0 63.0 72.0 80.0 59.0 72.0 40.0 40.0 45.0 
CO, 14.0 17.0 9.8 0.55 0.67 0.55 0.24 0.30 0.18 
13 
Samples treated with either 500 or 1,000 jxg/g chlorpyrifos evolved a significantly 
lower percentage '"*€02 at all moisture tensions compared to samples treated at 10 ng/g. 
However, no significant differences in mineralization were found between or within 500 or 
1,000 ng/g treatments (Figure 1-3). 
Effect of Chlorpyrifos Concentration on Us Degradation. Preliminary analysis of the data 
fiom the soil extracts indicated temperature did not affect the degradation of chlorpyrifos or 
its metabolite (TCP). Data were then combined across all incubation temperatures and 
reanalyzed. This analysis showed that there were no significant interactions between the 
concentration of chlorpyrifos applied and soil moisture tension (p < 0.19). The same trend 
also appeared with TCP (p < 0.18). There was a significant effect, however, due to 
concentration of chlorpyrifos applied on both the percentage of chlorpyrifos remaning and the 
percentage of TCP present (p < 0.001). 
Based on the percentage of'"C applied, soil treated with 10 ng/g chlorpyrifos had the 
lowest percentage of chlorpyrifos remaining, with only 5% at the end of the 12-wk incubation. 
This was significantly less than either the 26% remaining for samples treated with 500 ng/g 
chlorpyrifos or the 57% remaining in the samples treated with 1,000 ng/g. The percentage of 
TCP present was significantly greater in samples treated with 10 or 500 ^g/g with 67% and 
70%, respectfully. The percentage of TCP detected was significantly lower (42%) in samples 
treated with 1,000 ng/g. 
The degradation pattern of 10 ng/g chlorpyrifos is comparable to those in the 
literature for agricultural application rates {8, 15, 16). For the higher rates (500 and 1,000 
Hg/g), the rates of degradation were much slower and concentration dependent. 
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Moisture tension 
0.03 bar 
—— 0.3 bar 
—— 3.0 bar 
4 5 6 7 8 9 
Post treatment (wk) 
10 11 12 
Figure 1. Efiect of moisture on the degradation of Dursban TC in an Iowa soil when 
applied at 10 fig/g and incubated at 2TC. 
15 
4 5 6 7 8 9 
Post treatment (wk) 
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Moisture tension 
0.03 bar 
—— 0.3 bar 
3.0 bar 
Figure 2. EfTect of moisture on the degradation of Dursban TC in an Iowa soil when 
applied at 500 ^g/g and incubated at ITC. 
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Figure 3. Efiect of moisture on the degradation of Dursban TC in an Iowa soil when 
applied at 1,000 fig/g and incubated at 27°C. 
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EfTect of Soil Moisture Tension on the Degradation of Chlorpyrifos. Although soil 
moisture tension did not affect chlorpyrifos degradation at the same level of significance as the 
concentration effect (p < 0.05), a trend seemed apparent (p < 0.078). The percentage of TCP 
formed, however, was significantly affected by soil moisture tension (p < 0.05). Based on the 
percentage of applied, samples maintained at near field capacity (0.30 bar) had 33% of the 
chlorpyrifos remaining at the end of the 12-wk incubation period. Samples maintained at the 
wettest moisture level (0.03 bar) had only 26% of the applied concentration remaining, 
compared to 28% remaining in soil samples maintained at the driest moisture level (3.0 bar). 
In contrast, the percentage of TCP present was the least (54%) for samples maintained 
at 0.30 bar. Soil samples maintained at 0.03 and 3.0 bar had a significantly higher percentage 
of TCP, with no significant differences detected between either of these moisture tensions. 
EfTect of Chlorpyrifos Concentration, Temperature, and Moisture on Bound Soil 
Residues. Based on statistical analysis, temperature did not significantly affect soil bound 
residues (p < 0.17). However, a significant interaction was detected between the 
concentration of chlorpyrifos applied, incubation temperature, and soil moisture tension 
maintained (p < 0.015). The percentage of'''C applied remaining in unextractable or bound 
residues was highest (5.8-10%) in soil samples treated with 10 ng/g chlorpyrifos. Over 10% 
of the '"'C applied was bound in samples incubated at 20°C and maintained at the highest 
moisture level (0.03 bar). The percentage of'""C bound was lower, less than 2%, in the soil 
samples treated with 500 or 1,000 pg/g (Table III). 
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Table m. EfTeet of concentration, moisture, and temperature on the percent of bound 
residues in an Iowa soil 
Temperature 
20°C irc 
Soil moisture (bar tension) 
0.03 0.30 3.00 0.03 0.30 3.00 
% of'"C bound after 12 weeks 
10 ng/g 10.0 8.1 6.8 7.4 10.0 5.8 
500 ng/g 1.5 1.6 1.7 1.2 1.4 1.6 
1,000 ng/g 1.0 1.3 1.3 1.0 1.2 1.4 
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DISCUSSION 
In this experiment, temperature did not significantly afiect the degradation of chlorpyrifos. 
However, the concentration of chlorpyrifos applied and the soil moisture did play important 
roles in modifying the rates of chlorpyrifos degradation and mineralization. At the lowest 
concentration of 10 ^g/g, the amount of chlorpyrifos remaining at the end of 12 wk was only 
about 0.5 ^g/g. However, the concentration of its TCP metabolite was 6.7 pg/g. TCP has 
been found to be toxic to one microorganism {14), and may reduce mineralization in soil (77); 
however, the amount of TCP formed in the 10 ng/g treatment did not appear to adversely 
affect the soil nucroorganisms' capability to degrade or mineralize chlorpyrifos. 
The greatest influence on degradation at the lowest concentration was the soil 
moisture tension. Soil samples maintained at near field capacity (0.3 bar) provided optimal 
conditions for mineralization at 10 |xg/g. At the higher soil moisture, near saturated 
conditions (0.03 bar), the rate of mineralization was lower. A significantly lower rate was 
seen when the soil was maintained at its driest level (3.0 bar). The main effect of applying 
higher concentrations (500 or 1,000 ng/g) of chlorpyrifos was to greatly reduce 
mineralization. However, the same moisture effect trend appears as in the soil treated at the 
lower concentration; mineralization of chlorpyrifos was higher in the samples maintained at 
0.3 bar, v^th reduction in mineralization as the soil becomes saturated, and greater reduction 
when the soil was driest. 
The percentage of chlorpyrifos hydrolyzed to its metabolite (TCP) was influenced the 
most by the concentration of chlorpyrifos applied. Soil moisture did not appear to 
significantly influence this process. We speculate that as the concentration of chlorpyrifos 
increases, the mechanisms by which it is hydrolyzed (chemical and microbial) are slowed or 
reach saturation. The concentration effect is also quite apparent for the mineralization of 
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TCP. At the higher concentrations of chlorpyrifos, the concentration of TCP formed was also 
higher. The mineralization of ['^]TCP to "CO^ can be significantly reduced due to the 
toxicity of the TCP to soil microorganisms {14). Although the relative percentage of TCP is 
lower in the soil treated with 1,000 ng/g, the actual concentration of TCP is greater, resulting 
in greater tojucity to soil microorganisms and extended residual activity of the insecticide. 
The persistence of chlorpyrifos is greatly influenced by the concentration applied to 
the soil. At higher concentrations the rates at which chlorpyrifos is degraded to TCP and the 
TCP is subsequently mineralized are dramatically lower. Soil moisture also influences 
degradation. This effect is mainly seen in the percentage of TCP mineralized. Conditions for 
the degradation of chlorpyrifos appear to be optimal when the soil is near field capacity (0.3 
bar); however, at a higher soil moisture the persistence of chlorpyrifos was greater. 
Persistence is greatest when the soil is dry. Understanding how the degradation of 
chlorpyrifos is affected by concentration, temperature, and soil moisture may help us predict 
how long this chemical can provide adequate protection against termite infestation. 
Furthermore, these data provide valuable information based on climate and soil conditions 
which may allow a pesticide applicator to adjust the application rate of chlorpyrifos, for either 
the initial or repeat application, that will avoid over-application and possible environmental 
insult. 
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FIELD DISSIPATION OF HIGH CONCENTRATIONS OF CHLORPYRIFOS IN 
SELECTED URBAN SOILS 
A paper to be submitted to the Journal of Economic Entomology 
James H. Cink' and Joel R. Coats'-^ 
ABSTRACT Dursban® technical concentrate (TC) insecticide has become widely used for 
the control of termites since the banning of chlordane. Several laboratory studies have 
investigated the degradation kinetics of chlorpyrifos applied to soil at termiticide rates, which 
are 100-1,000 times higher than rates used in agriculture or turf. These have included a 
limited number of soil types and have utilized tightly regulated environmental conditions. The 
rate of degradation for chlorpyrifos calculated from these experiments may not have 
adequately reflected the true degradation potential for this chemical in soils maintained under 
natural environmental conditions. In the present study, six urban soils treated with surficial 
(0-15 cm) trench applications of a 1% Dursban TC solution and studied under natural 
environmental conditions showed distinct differences between rates of dissipation. Three of 
the soils tested showed rapid dissipation of the insecticide within the first 3 mo of the 
experiment, while the remaining soils showed a steady decline in concentration over 12 mo. 
The dissipation of chlorpyrifos followed normal first-order degradation kinetics in two distinct 
' Graduate student and major professor, respectively. Pesticide Toxicology Laboratory, 
Department of Entomology, Iowa State University. Research conducted and manuscript 
written by Gink. 
^ Author for correspondence 
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phases (biphasic). After the initial phase of dissipation, the slope of the dissipation curve 
changed sharply. Using both phases of the dissipation curve may be a better predictor of the 
soil concentration of chlorpyrifos compared to using a single linear or exponential degradation 
curve. 
Introduction 
Chlorpyrifos is an organophosphorus insecticide with activity against a wide variety of pests in 
agricultural and urban environments (Gray 1965; Kenaga et al. 1965; Rigterink and Kenaga 
1966; Whitney 1967; Smith and Rust 1991). First registered in the mid-1970's for insect 
control on crops such as com, cotton, and peaches, chlorpyrifos application has been 
expanded to include use in horticultural and urban pest management programs as well (Racke 
1993). The effectiveness of chlorpyrifos in controlling insects exposed to treated soil has been 
shown in several studies (Whitney 1967; Harris and Svec 1968). Although commercially 
available for many years, it wasn't until 1980 that chlorpyrifos was registered as a termiticide. 
Since then, it has become the most widely used termiticide commercially available, primarily 
formulated as Dursban TC. Based on historical chlordane use records and market share 
analysis it is estimated that over 0.8 million kg (AI) chlorpyrifos is applied annually, at a rate 
of 392 kg/ha for the control of termites alone in the United States (Federal Register 1987). 
The degradation kinetics for chlorpyrifos have been studied in a range of soils and soil 
types. A key concern in terms of efficacy and environmental impact is how chlorpyrifos will 
degrade in soil under different environmental conditions (ie. temperature and soil moisture). 
A variety of degradation half-lives have been reported for chlorpyrifos in soil, which 
emphasizes the fact that the half-life for chlorpyrifos is greatly influenced by environmental 
and chemical factors. In a degradation study conducted by Thiegs (1966) focusing on five 
soils treated with 2.1-5.0 ng/g of chlorpyrifos and incubated at variable temperatures in the 
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greenhouse for 30 wk, degradation half-lives were estimated to range from 17.0 to 58.4 d 
(Meikle and Hedlund 1973). In 10 different Midwestern Combelt soils treated with 5 ng/g of 
chlorpyrifos and incubated at 25° C and 0.3 bar soil moisture tension, it was found that 
between 11.9 and 57.1% of the chlorpyrifos applied remained in the soils 4 wk after 
application (Racke et al. 1988). 
Temperature, soil moisture, and concentration have all been shown to greatly influence the 
degradation of chlorpyrifos. The influence of temperature on chlorpyrifos degradation may be 
due to its influence on both abiotic chemical reactions and microbial activity. Getan (1981) 
found that following application of chlorpyrifos to a moist Suhan silt loam soil and incubation 
at 15, 25, or 35 °C, the degradation half-lives were 25, 13, and 6 wk, respectfully. Overall, 
studies have shown that the degradation rate for chlorpyrifos doubles with each 10 °C increase 
in temperature. Soil moisture tension has been shown to have a wide range of effects on the 
degradation of chlorpjrrifos. Unfortunately, except for studies conducted on £ur-dry soils, 
there are no clear and predictable effects on the rate of chlorpyrifos degradation. In a study 
conducted on a surficial (0-15 cm) loam soil from Iowa, an average of only 33% of the 
chlorpyrifos applied remaned in soil samples maintained at 0.3 bar soil moisture tension after 
90 d incubation (Cink and Coats 1993). Differences in soil moisture ranging from 40 to 90% 
of field moisture capacity did not result in significant differences in the persistence of several 
formulations of chlorpyrifos (Tashiro and Kuhr 1978). Getzin (1981) also found no 
significant differences in chlorpyrifos degradation in a Sultan silt loam soil treated and 
incubated at 3, 10, and 20% moisture. In comparison to temperature and soil moisture 
tension, concentration does significantly influence the persistence of chlorpyrifos in soil. In a 
Hamra loamy sand soil treated with either 1, 10, or 100 ng/g chlorpyrifos and then incubated 
at 27°C for 14 d, recovery rates were 17.4, 27.7 and 60.3% respectfully (Saltzman and Brates 
1990). In a loam soil (pH 7.8, organic matter content 3%) treated with either 10, 500, or 
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1,000 ng/g chlorpyrifos, incubated at 0.03, 0.30, or 3.00 bar soil moisture tension, and 
incubated at either 20 or 27 °C, persistence increased at higher concentrations (Cink and 
Coats 1993). 
Chlorpyrifos can be applied beneath and in trenches alongside buildings foundations for 
the control of termites. This type of pest control requires a higher rate of application as 
compared to insea pest control programs for agricultural crops. It has been shown in a 
number of field eflScacy studies that chlorpyrifos may persist in the soil for 10-20 yr providing 
eflfective termite control. A trench application of chlorpyrifos in Georgia resulted in 300-400 
Mg/g initial residue concentration with between 200-300 ng/g remaining after 3 yr (Robertson 
1990). In soil samples removed fi-om beneath North Carolina homes treated 4 yr previously, 
mean concentrations ranged from 39-177 fig/g in sandy soils and 16-499 |ig/g in clay soils 
(Wright et al. 1991). Similar residual persistence was reported by Kard and McDaniel (1992) 
for a trench application in Mississippi. 
Although chlorpyrifos has been shown to persist in a number of soils, a few insect control 
f^lures have been detected. The conditions and soil characteristics involved Avith the pest 
control failures vary widely vdth no known commonality. The purpose of this study was to 
investigate the persistence of chlorpyrifos in selected problem soils when applied to surficial 
soils via trench application and to determine the best possible method for estimating soil 
concentration at any time period. 
Materials and Methods 
Soil preparation and application. Six urban test locations were selected from across the 
United States. These included Ames, lA; Fort Lauderdale, FL; Kailua, HI; Phoenix, AZ; 
Richardson, TX; and Starks\alle, MS. Soils at all locations, except Ames, I A, were selected 
based on their suspected aggressive degradation potential. Each of the locations had a 
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building on-site for at least S yr, and established landscaping. Application trenches were 
prepared on the north and south side of each building, approximately 0.3-1 m away from the 
foundation. A spade was used to remove the surficial soil and vegetation, forming a triangular 
trench 15 cm wide at the top, 15 cm in depth, and approximately 3 m in length. All soil 
removed from the trench was placed near the opening for later use. In an area adjacent to the 
application trench, an additional soil sample was removed for nutrient, organic and textural 
analysis (Table 1). A 1% pesticide solution was prepared using commercially formulated 
Dursban TC and applied to the trench in 61-cm sections. Each section of the trench was 
divided using steel partitions cut into a triangle slightly larger than the dimensions of the 
trench. Aiter the Dursban TC was applied to each section, the soil that was previously 
removed was put back into the trench and mixed with the pesticide. Samples were removed 
from each trench at 0, 3,12, and 24 mo post application by removing soil cores from the 
center of each trench. One section of the trench was sampled at each time interval. The soil 
cores were obtained using a manual soil probe with a 1.9-cm diameter opening and 
approximately 25 cm in length. The soil cores were taken about 1-2 cm apart, to a depth of 
16.5 cm. Soil samples from a single trench section were put into a single plastic bag and 
frozen before shipping them to the Pesticide Toxicology Laboratory in Ames, Iowa. 
Once the soil samples were received, they were placed in a freezer maintained at -62°C. 
When all of the samples were collected, they were removed from the freezer and allowed to 
come to room temperature. Samples were prepared for analysis by passing them through a 4 
mm x 4 mm wire sieve to remove plant material and debris, then a 2 mm x 2 mm sieve to 
reduce aggregate size. The samples were then divided into two equal parts, one part was put 
into a clean plastic bag and returned to the freezer, while the second sample was combined 
with its counterpart (north and south trench locations) and thoroughly mixed. From this 
composite soil sample, three 25-g replicate samples were removed and put into 125-m] glass 
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Table 1. Analysis of soil samples collected from urban test locations. 
Analysis Arizona Florida Hawaii Iowa Mississippi Texas 
pH 8.5 7.4 7.8 7.8 7.7 7.6 
Organic Matter Content 
Percent 0.3 3.0 1.9 3.0 3.3 4.8 
Energy lbs/A 39 85 68 85 89 108 
Phosphorus 
Weak bray 2 41 19 32 4 13 
Strong bray 54 69 35 56 13 190 
Potassium 157 19 73 142 94 345 
Magnesium 198 42 135 392 99 154 
Calcium 1618 1315 1547 2568 3087 3480 
Cation Exchange Capacity 10.1 7.0 9.0 16.5 16.5 19.6 
Percent Base Saturation 
Potassium 4.0 0.7 2.1 2.2 1.5 4.5 
Magnesium 16.3 5.0 12.4 19.8 5.0 6.6 
Calcium 79.8 94.3 85.5 78.0 93.5 88.9 
DTPA Extraction (jig/g) 
Nitrate 4.0 28.0 11.0 3.0 8.0 50.0 
Sulfur 18.0 11.0 19.0 17.0 33.0 17.0 
Zinc 2.5 16.0 7.1 7.9 25.0 18.0 
Manganese 3.0 1.0 3.0 6.0 6.0 16.0 
Iron 9.0 16.0 19.0 29.0 78.0 22.0 
Copper 0.6 1.9 0.9 4.9 2.4 1.3 
Boron 0.8 0.5 0.8 0.8 0.8 1.2 
Soil Texture (percent) 
Sand 66 95 56 52 38 58 
Silt 24 2 24 34 28 24 
Clay 10 3 20 14 34 18 
Classification' SL S SCL L CL SL 
'L = loam; SL = sandy loam; SCL = sandy clay loam; S = sand; CL = clay loam 
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French square glass jars. An additional 10 g of soil was removed from the composite sample 
to determine soil moisture. 
Extraction. Soil samples were extracted by adding 100 ml of an acetone;phosphoric acid 
solution (99:1) to each jar. The jars were placed onto a Fisher-Kahn mechanical platform 
shaker oscillating at 27S-28S times per min. Samples were shaken for 30 min then removed 
and centrifuged at 2,500 rpm for 4 min. The extract solution was decanted and passed 
through a ISO-ml course glass-fntted funnel containing 200 g anhydrous sodium sulfate and 
into a 1,000-ml flat-bottom flask. The process was repeated three times. The sample extract 
was reduced by rotary-evaporation to a volume of approximately 70 ml then decanted into a 
100-ml glass jar. The 1,000-ml flask was rinsed with acetone several times with the rinsate 
added to the sample until it reached 100 ml total volume. 
Aqueous Partitioning. The 100-ml sample extracts were partitioned to separate the 
organic and aqueous constituents. Each sample was poured into a SOO-ml separatory funnel 
into which 100 ml each of hexane and water was added. The sample was manually shaken for 
2 min and then placed in a ring stand to separate. The bottom (aqueous) solution was eluted 
into a 250-ml glass flask. The organic solution was eluted through a 125-ml course glass-
fntted funnel containing 100 g anhydrous sodium sulfate and into a 1,000-ml flat-bottom 
flask. The aqueous solution was poured back into the separatory funnel, and 100 ml of 
hexane was added. This process was repeated three times. After the third separation, the 
aqueous solution was discarded and the volume of the organic solution was reduced by rotary 
evaporation to 10 ml. The sample was decanted into a 20-ml glass scintillation vial and 
capped with a foil-lined lid. The samples were then stored in a freezer at -45 °C. 
Quantitation. The concentration of chlorpyrifos in each sample was quantified using gas 
chromatography (Model 9A, Shimadzu, Kyoto, Japan). The gas chromatograph was 
equipped with a flame thermionic detector. The column was a 2 mm x 2 mm glass column. 
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l.S m in length, and packed with 2% OV 225 + DC 200. The detector and injector 
temperature was set at 250°C with a column temperature of220''C. The injection volume was 
3 |il. The relative retention time (4.6 min) was determined using prepared standards. All 
sample concentrations were within the limits of detection and standard sample range. 
Solvents and Chemicals. All of the solvents, except for the acetone used in the initial 
extraction, were optima grade. The acetone was certified grade. The triple filtered water 
used in the aqueous partitioning procedure was considered to be high performance liquid 
chromatography (HPLC) grade. The acid used in the initial extraction was 85% 0-Phosphoric 
acid. The Dursban TC applied to the soil was commercially formulated technical concentrate 
obtained fi'om DowElanco. 
Data Analysis. Soil samples obtained from each trench section were maintained as 
separate bulk samples until after initial processing. From the composite sample formed by 
combining equal amounts of soil fi'om the north and south samples, three replicate subsamples 
were removed for extraction and analysis. The chlorpyrifos concentration detected in each 
sample was analyzed by ANOVA with least significant differences for pair-wise contrasts used 
to evaluate dissipation. 
Results 
The concentration of Dursban TC detected in the soil samples fi-om each state at time zero 
(immediately after application) were significantly different, with the lowest concentration 
detected in the Mississippi sample (Table 2). The reduced concentration at this location may 
have been due to volatilization during application before the top soil was naixed into the 
trench or the treating solution soaking into the soil too much before the top soil was mixed 
back into the trench. After 12 mo of environmental exposure, all of the soil locations, except 
Iowa, were not significantly different in the concentration of chlorpyrifos remaining. By the 
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Table 2. Concentration of chlorpyrifos remaining in soil samples from six urban 
locations after environmental exposure 
Month Post 
Application Arizona Florida Hawaii Iowa Mississippi Texas 
Concentration (ng/g) 
0 1029 d' 944 e 1000 de 1417 b 530 g 1546 a 
3 832 f 12 j 126 i 1139 c 585 g 18 j 
12 6j 9j 20 j 320 h 81 ij 4 j 
24 1 j 3 j 8j 28 j 6 j 10 J 
'concentrations followed by similar letters are not significantly different (p<.05) 
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end of the 24-nio experimental period there was no significant difference in the concentrations 
of chlorpyrifos remaining in any of the soil samples. 
In order to better compare chlorpyrifos concentrations present in the soil within each 
sampling interval, soil samples from all states were statistically reanalyzed. The initial (0 mo) 
concentration of chlorpyrifos was significantly greater in the Iowa and Texas soil samples. 
The initial concentration of chlorpyrifos in the Mississippi was significantly lower than any of 
the other states sampled. After 3 mo the Iowa soil sample had a significantly greater 
concentration of chlorpyrifos remaining, while the Mississippi soil sample had the lowest. By 
the end of 12 mo only the Iowa and Mississippi soil samples had significantly greater 
concentrations of chlorpyrifos remaining. At the end of the experiment (24 mo) the Iowa 
location still had a significantly higher concentration of chlorpyrifos remaining (Table 3). 
The dissipation of chlorpyrifos followed typical first-order kinetics, but in two distinct 
phases (biphasic). Phase one of dissipation was established to be the time interval in which 
the concentration of chlorpyrifos decreased to less than 50% of the initial concentration. 
Phase two of dissipation begins at the end of phase one and continues to the end of the 
experiment (Figure 1). In the soil samples from Florida, Hawaii and Texas, the concentration 
of chlorpyrifos fell to less than 50% of applied within 3 mo of application. The concentration 
of chlorpyrifos at the Texas soil sample had the greatest decline in concentration during phase 
one, decreasing from 1,546 ng/g to 18 ^g/g. The slowest decrease in concentration for this 
group of soils occurred at the Hawaii soil sample. For the Florida, Hawaii and Texas soil 
samples, the rate of dissipation calculated for phase one averaged 179x greater than the rate 
of dissipation calculated for phase two (Table 4). 
In the soil samples from Arizona, Iowa and Mississippi, the rate of dissipation during 
phase one was significantly lower than in the previous three soils and lasted for the first 12 mo 
of the experiment (Figure 2). The slowest rate of dissipation occurred at the Iowa soil 
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Table 3. Concentration of chlorpyrifos remaining in soil samples from six urban 
locations after 24 month of environmental exposure 
Month Post 
Application Arizona Florida Hawaii Iowa Mississippi Texas 
Concentration (ng/g) 
0 1029 b' 944 b 1000 b 1417 a 530 c 1546 a 
3 832 b 12 d 126 d 1139 a 585 c 18 d 
12 6 c 9 c 20 c 320 a 81 b 4 c 
24 1 e 3 de 8 be 28 a 6 cd 10 b 
'concentrations within each sampling time interval with similar letters are not significantly 
different (p<.05) 
33 
10000 3 
!§ 
*k 
a 
1000 
S 4® 
u ^ 
e .-a 100 
e O 
.S m 
e« e k — 
e 
« w 
e 
o 
U 
Phase 1 Phase 2 
Florida 
—Hawaii 
- Texas 
1 0 : -
+ + + + 
6 9 12 15 18 
Time Post-Application (Months) 
21 24 
Fig 1. Dissipation of chlorpyrifos from urban field locations in Florida, Hawaii, and 
Texas after 24 mo of environmental exposure. 
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Fig 2. Dissipation of chlorpyrifos from urban field locations in Arizona, Iowa, and 
Mississippi after 24 mo of environmental exposure. 
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Table 4. Biphasic rate of chlorpyrifos degradation calculated for treated soils from six 
urban locations 
State Phase 1 Phase 2 
Arizona y'= -87x^ + 1056 y=-0.375x+ 10.0 
Florida y=-310.5x + 943.5 y= -0.455x + 13.6 
Hawaii y=-291.33x+ 1,000 y=-5.39x+ 121 
Iowa y=-91.308x+ 1415 y=-24.3x + 612 
Mississippi y=-41.737x +607.2 y=-6.25x+ 156 
Texas y=-509.33x+ 1546 y=-0.358x+ 15.2 
V is equal to concentration in i^g/g 
X is equal to time post application in months 
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samples, in which the concentration of chlorpyrifos remained significantly higher until the final 
sampling interval at 24 mo. At the two-yr mark, the concentration at the Iowa soil was still 
numerically higher than the others, but due to variability in the samples, the concentrations 
were not statistically different. The greatest decrease in chlorpyrifos concentration for this 
group of soil samples was detected at the Arizona location. For the Arizona, Iowa, and 
Mississippi soil samples the rate of dissipation calculated for phase one was only 7x greater 
than the dissipation rate calculated for phase two (Table 4). 
Discussion 
Compared to field studies reported by Racke (1993) where chlorpyrifos concentrations 
remained high several years after application, an increase in dissipation was seen in all six of 
the field sites tested. Soil type, application, and environmental variables can significantly 
affect the dissipation of chlorpyrifos. It is difficult to compare soil samples collected fi^om 
different field locations and from different environmental situations (climates) and directly 
relate the difference in chlorpyrifos concentrations detected to individual factors. 
The common method of looking at simple first-order kinetics in describing dissipation may 
not adequately reflect the dissipation of chlorpyrifos in soil. The first-order rate constant has 
been shown to decline with time, resulting in a significant deviation from first-order kinetics 
(Bidlack 1979). This is supported in similar studies in which it was theorized that the rate of 
dissipation of chlorpyrifos in soil may be due to two different first-order degradation 
processes, each with its own distinct rate constant (Getzin 1981; Chapman and Chapman 
1986). 
The dissipation of chlorpyrifos in the soil samples tested did not fit a single first-order 
decay constant. The decrease in concentration was best described as occurring in two distinct 
phases. Phase one was established as the time interval in which the initial concentration 
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declined by at least 50%. In the soil samples from Florida, Hawaii, and Texas, phase one of 
the chlorpyrifos dissipation occurred within the first 3 mo. In contrast, phase one in the 
Arizona, Iowa, and Mississippi soil samples occurred within the first 12 mo. In each case the 
subsequent rate of dissipation was significantly lower than the rate calculated for phase one. 
In order to calculate the concentration of chlorpyrifos that may be present in the soil at 
any fiiture time period after application, it is best to separate the process into two first-order 
dissipation systems. If a single rate constant were to be applied, using either linear or 
exponential regression analysis to calculate the concentration of chlorpyrifos in a soil sample, 
the actual concentration may be significantly Wgher or lower. Using a single rate constant and 
linear regression analysis, the concentration calculated during phase one and early phase two 
would be overestimated while the concentration present during mid to late phase two would 
be underestimated. In contrast, using exponential regression analysis and a single rate 
constant the concentration of chlorpyrifos calculated for a soil sample would be 
underestimated during phase one and early phase two, while the concentration would be 
overestimated during mid to late phase two. 
It is important to be able to predict, with some degree of confidence, the fiiture 
concentration of any termiticide applied to the soil in order to determine the time period in 
which adequate termite protection can be expected. Nan-Yao Su and Schefirahn (1990) 
tested the relative effectiveness of eleven different soil termiticides against Formosan 
subterranean termites (Coptotermes formosanus Shiraki) and Eastern subterranean termite 
(ReticulUermes flavipes (Kollar)) and found that the topical toxicity (LDj^) of chlorpyrifos 
ranged fi-om 1.74 ng/g (95% FL) for R. flavipes to 3.39 |ig/g (95% FL) for C. formosanus. 
In soil tests chlorpyrifos inhibited tunneling by C. formosanus at 40-100 |ig/g while R. 
flavipes was completely stopped fi"om tunneling through soil containing 8 ng/g. 
Reticulitermes hesperus Banks (western subterranean termite) penetrated to a depth of 1.5 cm 
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in soil treated wth 10 jig/g chlorpyrifos. The concentration of chlorpyrifos detected in each 
of the field sites initially is well above the concentration needed to prevent tunneling. After 
only 3 mo, the soil samples from Florida and Texas had declined to a concentration that would 
be marginally greater than that needed to prevent R Jlavipes and R. hesperus from tunneling, 
but below that needed to prevent tunneling by C. formosanus. After 24 mo, only the Iowa 
field location had a chlorpyrifos concentration great enough to prevent K flavipes and R. 
hesperus from tunneling, but not C. formosanus. 
The differences detected between the six locations tested, in addition to the variation 
found in the published literature, indicate the importance to test a wider range of soils under 
normal environmental conditions. These studies should be balanced between short term (3-12 
mo) and long term (>12 mo) test durations so that the difference in dissipation rates found in 
phase 1 and phase 2 can be determined. It is also important to consider the difference 
between the concentration of chemical that is extractable and the concentration that is 
biologically available. It may be possible that the concentration of chlorpyrifos remaining in 
the soil in the Iowa field location may not be sufficient to control tunneling if it is not 
biologically available. 
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DEGRADATION OF CHLORPYRIFOS IN AN URBAN IOWA SOIL: EFFECT OF 
CONCENTRATION, SOIL MOISTURE, AND TEMPERATURE 
A paper to be submitted to Pesticide Science 
James H. Gink' and Joel R. Coats'-^ 
Abstract: The effects of application concentration, soil moisture tension, and incubation 
temperature were investigated in an urban soil collected in Iowa. Surficial soil samples (0-15 
cm) were removed from trenches excavated on the north and south side of an existing building 
site approximately 1 m from the foundation and in a parallel direction. Soil samples were 
brought into the laboratory and prepared for treatment. Treating solutions were applied to 
soil samples, 50 g (dry weight), using formulated Dursban TC at 10, 500, or 1,000 ^g/g; 
[^'*C]chlorpyrifos at 0.5 nCi; and sufficient water to establish soil moisture tensions of 0.03, 
0.30, or 3.00 bar. Once treated, samples were incubated at 20° or 27®C. Concentration, soil 
moisture, and temperature did significantly affect the percentage of chlorpyrifos mineralized as 
indicated by the collection of ^'*€02. At the lowest application rate (10 |ig/g), soil moisture 
tension and incubation temperature showed the greatest influence on mineralization, with no 
significant differences detected in soil samples treated with either 500 or 1,000 ng/g. 
Temperature did not significantly affect the percentage of chlorpyrifos remaining after 24 mo 
' Graduate student and major professor, respectively, Pesticide Toxicology Laboratory, 
Department of Entomology, Iowa State University. Research conducted and manuscript 
written by Gink. 
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of incubation. Application concentration and soil moisture tension influenced the degradation 
of chlorpyrifos during the &st 3 mo of incubation, with a significantly greater percentage of 
chlorpyrifos remaining in the samples treated with 1,000 ng/g. After 12 and 24 mo of 
incubation, there were no significant difierences detected, regardless of application 
concentration or soil moisture. The chlorpyrifos remaining was reduced to between 1.90 and 
4.35% of the initial concentration after 24 mo incubation, even at the highest rate of 
application. Concentration and soil moisture also aflfected the persistence of 3,5,6-trichloro-2-
pyridinol (TCP). Soil samples treated with 10 or 500 ng/g chlorpyrifos had the highest 
percentages of TCP present after 3 mo of incubation with significant difierences detected 
among the soil moisture tensions m^ntained. After 12 and 24 mo incubation samples treated 
with 10 ng/g chlorpyrifos had sigmficantly lower percentages of TCP present, with difierences 
between soil moisture tensions as well. The percentage of chlorpyrifos remaining as 
unextractable bound residues were significantly higher in the soil samples treated with 10 ^g/g 
after 3, 12, and 24 mo of incubation. The hydrolysis of chlorpyrifos and the persistence of 
TCP were most afiected by application concentration and soil moisture and not significantly 
regulated by incubation temperature. The mineralization of TCP was influenced by 
concentration, soil moisture, and incubation temperature. This may be due to the impact of 
temperature on the microorganisms in the soil. 
1 INTRODUCTION 
Termites are responsible for nearly $1 billion in damage to wood structures annually.' This 
does not include the price paid annually for chemical preventatives applied in and around 
buildings, homes, poles, and other wood structures. For years chlorinated cyclodiene 
insecticides, such as chlordane, aldrin, dieldrin, and heptachlor, were used as soil treatments to 
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prevent tennites from damaging wood structures.^ These chemical barriers provided eflfective 
control for decades following a single application. Their persistence was instrumental in their 
success as termiticides, but ultimately resulted in concerns of safety to the environment and 
human health. Since their removal from the termiticide market in the late 1980's, Dursban"' 
TC, an organophosphorus insecticide, has become the most widely used termiticide. Based on 
chlordane application information and market analysis, approximately 0.8 million kg of active 
ingredient is applied for the control termites in the United States annually.^ Chlorpyrifos is 
labeled for application as a soil barrier under and around buildings and in direct application to 
post, poles, and other wood products for protection against termite infestation. 
Discovered in the mid 1960's, chlorpyrifos has been shown to possess a broad-
spectrum of insecticidal activity.'*'' First labeled for noncrop specialty uses, application was 
expanded to include the turfgrass, ornamental plant and shrub, and indoor pest control 
markets in the late 1960's.® Chlorpyrifos has been used for several years to control 
agricultural insect pests of various field crops with over one million acres of com soils treated 
annually in the state of Iowa. In the late 1980's, chlorpyrifos was labeled for the control of 
termites at an application rate at least two orders of magnitude greater than that typically used 
for the control of agricultural pests. Although considerable experimental data have been 
collected on the degradation and persistence of chlorpyrifos in a number of agricultural soils, 
little is known on how this higher rate of application will affect degradation or persistence.^' 
9.10,11.12,13 degradation kinetics of a soil-applied pesticide can be highly concentration 
dependent. Herbicides applied to soil at high concentrations (e.g., 10,000 jig/g) have been 
shown to degrade at a much slower rate (on a percentage basis) when compared to a normal 
field application rate.^"* In field efficacy studies chlorpyrifos applied at termiticide rates has 
persisted in the soil for 10-20 yr at concentrations that provide effective termite control. 
However, a few soils have been reported to be aggressive in their degradation of chlorpyrifos. 
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resulting in inadequate termite control. The properties of these soils which might identify 
them as aggressive and the environmental conditions they are exposed to vary considerably 
Chlorpyrifos degradation can be influenced by soil temperature and moisture vath increased 
degradation at higher temperature and fluctuations in dissipation also being caused by 
moisture."' The purpose of this study was to determine how insecticide concentration in the 
soil, soil moisture, and temperature can afifect the degradation of chlorpyrifos in a selected 
urban soil. Due to the volume of insecticide used and the structural damage that can result if 
the chemical fails to provide termite protection, it is important to understand how this 
chemical will react in the environment and determine the potential need for subsequent 
chemical application for continued protection. 
2 MATERIALS AND METHODS 
2.1 Soil 
The soil used in this experiment was collected from an urban building site on the Iowa State 
University campus. Surficial (0-15 cm) soil samples were removed from trenchs excavated 
along the north and south side of the building at a distance of 1 m from the foundation wall. 
The trenchs were 15 cm wide at the top, 15 cm deep, and formed an inverted triangle. The 
trench was excavated parallel to the foundation and was 5 m long. Once the soil samples 
were collected they were brought into the laboratory. The soil samples were first screened 
with a 4 mm x 4 mm wire sieve to remove plant material and debris, then screened with a 2 
mm x 2 mm sieve to further reduce aggregate size. Equal portions were removed from the 
north and south soil samples and combined to form one single composite sample. The 
composite soil sample was then stored at 4°C to minimize eflFects on microbial activity. 
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Analysis of the composite soil sample was obtained from an independent soil testing 
laboratory (Table 1). All data are expressed on a dry weight basis. 
2.2 Chemicals 
DowElanco supplied the radiolabled [2,6-ring-^'*C]chlorpyrifos (25.5 nCi/mmol) and non 
labeled Dursban TC used in this experiment. The radiopurity of the ['^Cjchlorpyrifos was 
confirmed by thin-layer chromatography (TLC) prior to application and was found to be 
>99%. A treating solution containing [^'*C]chlorpyrifos dissolved in acetone was mixed with a 
solution of formulated Dursban TC and water to obtain soil treating solutions. All other 
chemicals and solvents used were reagent grade. The water used was triple-filtered and 
considered to be high performance liquid chromatography (HPLC) grade. 
2.3 Soil treatment 
The composite soil sample was removed fi-om cold storage and allowed to come to room 
temperature. Subsamples (50 g dry weight) were removed fi"om the composite sample and 
placed in individual 250-ml glass jars. A treating solution was then applied to the soil and 
uniformly mixed so that the subsamples received 0.5 nCi '''C with 10, 500, or 1,000 ng/g 
chlorpyrifos, together with sufficient water to establish soil moisture tensions of 0.03, 0.30, 
and 3.00 bar. Once the soil samples were treated a 20-m] glass scintillation vial containing 10 
ml of 0.1 N NaOH was placed inside of the jar to trap any CO2 evolved. The treated samples 
were divided between two incubators maintained at 20° and 27°C. Soil moisture tensions 
were maintained by adding HPLC grade water as directed by sample weight. Each treatment 
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TABLE 1 
Soil Characteristics of the Urban Iowa Soil Used in the Degradation Experiment 
Texture 
Soil type pH 0C%* Sand% Silt% Clay% pb K'' CEO 
Loam 7.8 3 52 34 14 56 2.2 16.5 
' OC - organic carbon content 
'' P and K reported in ng/g. 
° CEC - cation exchange capacity (meq/lOOg) 
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combination was replicated six times. Two replicates for each treatment combination were 
removed at 0, 3,12, and 24 mo for extraction and analysis. 
2.4 Extraction and analysis 
The NaOH vials were replaced at scheduled intervals during the experimental period and the 
amount of collected was determined using liquid scintillation spectroscopy. Soil 
samples were extracted by adding 100 ml of an acetone;phosphoric acid solution (99:1) to 
each jar. The jars were mechanically agitated for 30 min with a Fisher-Kahn platform shaker 
oscillating at 285 times per min. After each shake the samples were removed and centrifliged 
at 2,500 rpm for 4 min. The extract solution was decanted into a 1,000-ml flat bottom flask 
by passing it through a 150-ml course glass-fntted funnel containing 200 g anhydrous sodium 
sulfate. The extraction process was repeated three times. After the final agitation, the soil 
solution was poured through a Buchner funnel containing one 90-nim filter paper (Whatman 
No. 1 qualitative) to collect the extracted soil. Soil samples were air dried, ground with a 
motar and pestle, and formed into pellets. The soil pellets were then combusted in a Packard 
Bell (Model 300) sample oxidizer in order to quantify the amount of unextractable soil-bound 
residue. The initial sample extract was reduced in volume by rotary evaporation to 
approximately 70 ml, then decanted into a 100-ml glass container. The 1,000-ml flask was 
rinsed with acetone three times with the rinsate added to the sample until a final volume of 
100 ml was obtained. 
2.5 Aqueous partitioning 
The 100-ml sample extracts were partitioned to separate the organic and aqueous 
constituents. An initial extract sample was poured into a 500-ml separatory funnel containing 
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100 ml each of hexane and water. The sample was manually agitated for 2 minutes then 
placed in a ring stand to allow the two phases to separate. The bottom (aqueous) solution 
was eluted into a 2S0-ml glass flask and set aside. The organic solution was eluted through a 
125-ml course glass-fiitted funnel containing 100 g anhydrous sodium sulfate and into a 
1,000-ml flat bottom flask. The aqueous solution was poured back into the separatory funnel, 
into which 100 ml of hexane was added. This process was repeated a total of three times. 
After the third separation the amount of in the aqueous solution was determined by 
placing 1 ml of aqueous solution with 3 ml of cocktail into a 7-ml plastic scintillation vial and 
counting using liquid scintillation spectroscopy (LSS). The organic solution was reduced in 
volume to 10 ml by rotary evaporation, decanted into a 20-ml glass scintillation vial, and 
sealed with a foil-lined lid. The samples were then stored in a freezer at -45 °C. Radiocarbon 
in NaOH traps, soil extracts, and soil combustions were analyzed by LSS on a LKB Wallac 
RackBeta, Model 1217-001. 
2.6 Thin-layer chromatography 
Quantitative identification of residues in all extracts was determined by thin-layer 
chromatography. Soil extracts were concentrated under Nj and spotted with nonradioactive 
standards of chlorpyrifos and 3,5,6-trichloro-2-pyridinol (TCP) on 250-^m thick silica gel 
plates and developed with a solution of hexane/acetone/acetic acid (20:4:1).'^ The plates 
were then placed under 254 nm UV light to determine positions of nonradioactive standards. 
The chromatogram was cut into sections, placed in 7-ml scintillation vials with 5 ml cocktail 
and counted to determine quantities of chlorpyrifos and TCP. 
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2.7 Statistical methods 
All treatment combinations were replicated six times. Data for mineralization, soil extracts 
and soil combustion are based on two replications randomly selected from the original six. 
Analysis of variance for pair-wise contrasts was used to evaluate treatment effects. 
3 RESULTS 
3.1 Effect of concentration, moisture, and temperature on ttie mineralization of 
chlorpyrifos in soil 
Based on statistical analysis, the interaction between the concentration of chlorpyrifos applied, 
soil moisture maintaned, and incubation temperature was considered to be significant (p = 
0.097). The percentage of chlorpyrifos mineralized to CO2 was significantly higher (on a 
percentage basis) in the soil samples treated at the lowest application rate of 10 ng/g. There 
were no significant differences in the percentage of'"*€02 in the soil samples treated with 
either 500 or 1,000 ng/g, regardless of soil moisture tension or incubation temperature. At 
the lowest application rate, samples maintained at 0.30 bar had a significantly higher 
percentage of'''CO2 collected at the end of 3 mo of incubation, compared to samples 
maintained at 0.03 and 3.00 bar. After 12 and 24 mo of incubation, the amount of'"*€02 
collected was significantly lower in the samples maintained at the driest moisture level (3.00 
bar) (Table 2). 
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TABLE 2 
Effect of Concentration, Soil Moisture, and Temperature on the Mineralization of 
Chlorpyrifos to CO2 in an Urban Iowa Soil 
Treatment Concentration (ng/g) 
10 500 1,000 
Moisture Temperature (°C) 
(bar) 27° 20° 27° 20° 27° 20° 
''*C02 collected (Percent of applied) 
3 month 
0.03 7.64 bc^ 11.76 c 0.72 a 0.48 a 0.26 a 0.21 a 
0.30 16.76 d 16.90 d 0.74 a 0.58 a 0.38 a 0.22 a 
3.00 9.42 c 7.25 be 0.58 a 0.51 a 0.22 a 0.17 a 
12 month 
0.03 44.20 h 37.22 g 2.56 a 2.43 a 1.57 a 1.56 a 
0.30 45.64 h 53.22 ij 2.48 a 2.13 a 1.58 a 1.47 a 
3.00 31.85 f 22.42 e 1.54 a 1.43 a 0.72 a 0.63 a 
24 month 
0.03 50.66 i 44.78 h 3.88 ab 4.12 ab 2.63 a 3.15 ab 
0.30 60.08 k 55.85 jk 3.82 ab 3.43 ab 2.35 a 2.31 a 
3.00 38.59 g 37.39 g 2.30 a 2.16 a 1.34 a 1.24 a 
' numbers followed by same letter are not significantly different (p<0.1) 
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3.2 EfTect of concentration and moisture on the degradation of chlorpyrifos 
Neither incubation temperature nor soil moisture significantly affected the degradation of 
chlorpyrifos. The effect of application concentration was highly significant over time (p = 
0.001). The interaction between the concentration of chlorpyrifos applied and the soil 
moisture maintained was considered to be significant (at /> = 0.1) due to the variability 
between treatment combinations. Soil samples treated with 1,000 |ig/g chlorpyrifos had the 
highest percentage of chlorpyrifos remaining in the soil after 3 mo of incubation, compared to 
those treated with either 10 or 500 ^g/g. Samples treated with the same application rate but 
maintained at different moisture tensions were not significantly different, except for the soil 
samples treated with 500 ng/g chlorpyrifos and maintained at 0.30 bar. After 12 and 24 mo of 
incubation there were no significant differences in the percentage of chlorpyrifos present 
among of the treatment combinations (Table 3). 
3.3 Effect of concentration and moisture on the degradation of 3,S,6-trichIoro-2-
pyridinol (TCP) 
The incubation temperatures maintained during this experiment did not significantly affect the 
degradation of TCP (p = 0.64). However, the interaction between application concentration 
and soil moisture tension was considered significant (p = 0.09). After 3 mo of incubation, the 
percentage of TCP present in the soil samples treated with 1,000 ng/g chlorpyrifos was 
significantly lower than the percentage detected in the soil samples treated with either 10 or 
500 ng/g. Within the samples treated with 500 ng/g chlorpyrifos, those maintained at 0.30 
bar had a significantly lower percentage of TCP remaining. The samples treated with 10 ng/g 
chlorpyrifos and maintained at 0.30 bar had a significantly lower percentage of TCP compared 
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TABLES 
Effect of Concentration and Moisture on the Degradation of Chlorpyrifos in an Urban Iowa 
Soil After 24 Months of Laboratory Incubation 
Concentration (ng/g) 
Time Moisture 10 500 1000 
(bar) Percent chlorpyrifos remaining (% '"C applied) 
3 month 0.03 4.65 d' 17.58 c 58.62 a 
0.30 3.78 d 36.99 b 57.91 a 
3.00 6.72 d 24.54 c 53.40 a 
12 month 0.03 2.85 d 1.26 d 2.72 d 
0.30 2.19 d 1.51 d 4.75 d 
3.00 2.64 d 1.76 d 6.71 d 
24 month 0.03 1.90 d 2.69 d 4.35 d 
0.30 1.32 d 2.40 d 2.62 d 
3.00 1.65 d 1.87 d 2.60 d 
^ numbers with same letter are not significantly different (p<0.1) 
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to samples maintained at the same concentration, but maintained at 3.00 bar. Samples 
maintained at 0.03 and 0.30 bar were not significantly di£ferent. There was no significant 
difference between the percentage of TCP detected in the soil samples treated with 500 or 
1,000 ^g/g chlorpyrifos after 12 and 24 mo of incubation. In the soil samples treated with 10 
Hg/g chlorpyrifos and maintained at the driest level (3.00 bar) the percentage of TCP present 
was significantly lower than samples maintained at either 0.03 or 0.30 bar (Table 4). 
3.4 EfTect of concentration and moisture on soil bound residues 
Based on statistical analysis, concentration, moisture, and temperature significantly affected 
soil bound residues (p = 0.005). A highly significant interaction was detected between the 
concentration of chlorpyrifos applied and soil moisture tension maintained (p = 0.002). On 
average, the percentage of'''C present as bound residues was greater in the samples treated 
with 10 ng/g chlorpyrifos regardless of the soil moisture tension. The percentage of "C 
present as bound residues was significantly lower in the samples treated with either 500 or 
1,000 }ig/g chlorpyrifos at all sampling intervals. However, the percentage of bound residues 
did increase in the samples treated with either 500 or 1,000 ng/g chlorpyrifos after 12 and 24 
mo of incubation (Table 5). 
4 DISCUSSION 
Although incubation temperature did not significantly affect the degradation of chlorpyrifos, it 
did affect the percentage of '''C mineralized. This may be due to the influence of temperature 
on the microbial biomass in the soil, reported to be the principal degraders of TCP. The 
mineralization of chlorpyrifos appears to be most significantly influenced by application 
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TABLE 4 
Eflfect of Concentration and Moisture on the Degradation of 3,5,6-Trichloro-2-Pyridinol 
(TCP) in an Urban Iowa Soil After 24 Months of Laboratory Incubation 
Treatment Concentration (jig/g) 
Time Moisture 10 500 1,000 
Percent TCP in soil (% '''C applied) -
3 month 0.03 66.31 cde' 79.61 b 39.64 ghi 
0.30 63.27 de 59.12 e 40.11 fgh 
3.00 72.04 be 71.25 bed 44.79 fg 
12 month 0.03 27.29 jk 91.87 a 91.55 a 
0.30 31.06 ij 91.16 a 90.03 a 
3.00 48.80 f 92.86 a 89.73 a 
24 month 0.03 18.69 k 87.28 a 87.07 a 
0.30 19.15 k 87.33 a 88.70 a 
3.00 31.60 hij 90.08 a 91.48 a 
' numbers with same letter are not significantly diflFerent (p<0.l) 
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TABLES 
Effect of Concentration and Moisture on Bound Residues of Chlorpyrifos in an Urban Iowa 
Soil After 24 Months of Laboratory Incubation 
Treatment Concentration (ng/g) 
Time Moisture 10 500 1,000 
(bar) — Bound residue (% '^C applied) 
3 month 0.03 10.48 ab' 1.52 ijk 1.08 k 
0.30 9.16 c 1.73 ijk 1.36 jk 
3.00 7.15 e 1.90 hijk 1.42 jk 
12 month 0.03 7.90 de 1.81 ijk 1.35 jk 
0.30 8.35 cd 2.22 fghij 1.40 jk 
3.00 7.90 de 1.90 hijk 1.28 k 
24 month 0.03 10.93 a 2.83 fg 2.33 fghi 
0.30 11.00 a 3.08 f 2.70 fgh 
3.00 10.00 b 2.80 fg 2.14 ghijk 
'numbers with same letter are not significantly different (p<.05) 
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concentration with a dramatic decrease in the samples treated with either 500 or 1,000 ^g/g. 
At the lowest application rate (10 ^g/g), the soil moisture tension maintained significantly 
influenced nuneralization. Soil samples treated with 10 fxg/g chlorpyrifos and maintained at 
the driest moisture level had a significantly lower percentage of ^'*C02 collected after 12 and 
24 mo of incubation. The reduction in detected in the samples treated at 500 or 1,000 
Hg/g chlorpyrifos may be due to the toxicity of TCP to certain soil microorganisms which 
therefore may reduce mineralization.'^'" The amount of TCP formed in the 10 ng/g 
treatment did not appear to affect the ability of the soil microorganisms to degrade or 
mineralize chlorpyrifos. 
The degradation of chlorpyrifos by hydrolysis is affected most by the application 
concentration. Soil samples treated with 1,000 ng/g chlorpyrifos had a higher percentage of 
chlorpyrifos remaining after 3 mo of incubation compared to samples treated with either 10 or 
500 |ig/g. Soil samples treated with 500 jig/g chlorpyrifos had a higher percentage of 
chlorpyrifos in samples maintained at moisture levels near field capacity (0.30 bar). At the 
end of 12 and 24 mo of incubation there were no differences in the percentage of chlorpyrifos 
remaining regardless of the soil moisture level maintained. It appears that at higher 
concentrations of chlorpyrifos, the mechanisms by which it is hydrolyzed (chemical and 
microbial) are reduced or reach saturation. The effect of application concentration on the 
mineralization of TCP is also apparent. In the soil samples treated with 1,000 |ig/g 
chlorpyrifos, the rate at which chlorpyrifos was degraded to TCP in the first 3 mo of 
incubation was significantly reduced. The reduction in mineralization of ['''CJTCP to '''CO2 
can be attributed to the toxicity of the TCP to soil microorganisms.'^ Based on a relative 
percentage, the concentrations of TCP present in soil samples treated with 500 or 1,000 [ig/g 
chlorpyrifos are substantially above those found in samples treated with 10 ng/g. 
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The overall persistence of chlorpyrifos in soil is greatly affected by application 
concentration. At lower rates of application, typically used to control agricultural pests, the 
rates at which chlorpyrifos is hydrolyzed to form TCP and its subsequent mineralization are 
significantly greater than that seen at higher application rates (i.e., termiticide rate). At the 
lower rate of application, soil moisture influences the rate of degradation significantly. The 
rate of degradation for chlorpyrifos decreases as the application rate increases, with significant 
differences detected between soil samples treated with 500 or 1,000 ng/g. Soil moisture did 
not affect the degradation of chlorpyrifos in soil samples treated with 1,000 ^g/g which is 
starkly different fi-om the samples treated with only 500 ^g/g. Based on the data collected it 
appears that the concentration of chlorpyrifos present in the soil initially treated with higher 
application rates (500 or 1,000 ^g/g) declines rapidly during the initial incubation period. 
However, the rate of degradation is significantly lower during the following incubation 
intervals. 
5 CONCLUSIONS 
The variation in incubation temperatures used in this experiment did not significantly affect the 
degradation of chlorpyrifos. Mineralization can be affected by temperature, but only when the 
concentration of chlorpyrifos is sufficiently low that is does not inhibit microbial activity (e.g. 
1-10 ng/g). At higher application rates, chlorpyrifos does not reduce abiotic degradation, yet 
does appear to inhibit mineralization. This allows significant concentrations of TCP to form in 
the soil. It is not known if these higher concentrations of TCP can contribute towards 
preventing termite infestation. 
Knowing how treatment concentration, soil moisture, and temperature influence 
degradation can help in predicting the persistence of chlorpyrifos in soil and determining how 
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long the chemical may provide adequate protection against termite infestation. These data 
also provide valuable information in showing how important initial application concentration 
is in influencing the rate of degradation and how important it is to follow label 
recommendations. 
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GENERAL CONCLUSIONS 
In laboratory experiments, incubation temperature did not significantly affect chlorpyrifos 
degradation. It is believed that the difference in incubation temperature (20° and 27°C) used 
in this experiment was not great enough to influence abiotic processes significantly. The 
influence of temperature on microbial activity was marginal, with slight differences detected at 
the lowest application rate (10 |ig/g). The greatest influence on degradation in the laboratory 
can be attributed to the concentration of chlorpyrifos applied. During the initial phase of 
degradation, the rate (on a percentage basis) at which chlorpyrifos is degraded to TCP is 
reduced as concentration increases. However, the decrease in the rate of degradation does 
not persist. Chlorpyrifos degrades significantly within the first 12 mo of application, 
regardless of initial soil concentration. The rate of degradation then slows significantly. This 
trend appears in both laboratory and field experiments. The influence that higher chlorpyrifos 
concentrations have on degradation may be due to a saturation of the abiotic hydrolytic 
capabilities within the soil. At termiticide concentrations, the influence of soil moisture on 
degradation is diminished. Although, when the concentration of chlorpyrifos is reduced, soil 
moisture begins to influence further degradation. 
The exact soil properties which may identify a soil as having a higher abiotic hydrolytic 
activity have not been ascertained. A few soils have been labelled aggressive with respect to 
describing their degradation of chlorpyrifos. Aggressive degradation has primarily been found 
in soils treated at lower application rates (1-10 ng/g). These soils may even aggressively 
degrade chlorpyrifos, when applied at a termiticide rate. The field samples used in this 
research program did degrade chlorpyrifos at rates subtainally greater than expected. The 
higher degradation rate was also detected in the Iowa soil sample used in the laboratory 
experiment. In both the laboratory and field experiments, chlopyrifos degraded rapidly for a 
short time period followed by a significant decrease in the rate of degradation. 
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Several researchers have noted the inadequacy of simple first-order kinetics to describe 
the degradation of chlorpyrifos. Getzin (1981) theorized that the decay rate for chlorpyrifos 
was actually the product of two first-order degradation processes. In laboratory and field 
experiments conducted during this research program, the rate of chlorpryifos degradation was 
also observed to proceed at two different rates (biphasic). In phase 1, chlorpyrifos 
degradation was rapid, declining to less than 50% of applied with 3-12 mo. This was 
followed by a significantly lower (7-179x ) rate of degradation (phase 2). This supports the 
biphasic degradation process described in the literature. 
It is important to ensure that chlorpyrifos is properly applied to soil using the full labelled 
rate available, in order to extend protection against termite infestation to a acceptable length 
of time. In soils that aggressively degrade chlorpryifos, it may be necessary to retreat the 
surficial soil zone within two to three years of initial application. This may require sampling 
and analyzing the soil to determine the concentration of chlorpyrifos remaining. Soil analysis 
may also aid in preventing unnecessary repeat applications and reducing the potential for 
environmental and/or human health problems. 
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